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Abstract 

Searches for unstable neutral and charged heavy leptons, N and L"^, and for excited states of 
neutral and charged leptons, z/*, e*, /x*, and r*, have been performed in e"'"e~ collisions using 
data collected by the OPAL detector at LEP. The data analysed correspond to an integrated 
luminosity of about 58 pb~^ at a centre-of-mass energy of 183 GeV, and about 10 pb~^ each at 
161 GeV and 172 GeV. No evidence for new particles was found. Lower limits on the masses of 
unstable heavy and excited leptons are derived. From the analysis of charged-current, neutral- 
current, and photonic decays of singly produced excited leptons, upper limits are determined 
for the ratio of the coupling to the compositeness scale, //A, for masses up to the kinematic 
limit. For excited leptons, the limits are established independently of the relative values of the 
coupling constants / and /'. 
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1 Introduction 



In spite of its remarkable success in describing all electroweak data available today, the Standard 
Model (SM) leaves many questions unanswered. In particular, it explains neither the origin 
of the number of fermion generations nor the fermion mass spectrum. The precise measurements 
of the electroweak parameters at the Z pole have shown that the number of species of light 
neutrinos is three 0; however, this does not exclude a fourth generation, or other massive 
fermions, if these particles have masses greater than half the mass of the Z-boson (Mz/2). 

New fermions could be of the following types (for reviews see References sequential 
fermions, mirror fermions (with chirality opposite to that in the SM), vector fermions (with 
left- and right-handed doublets), and singlet fermions. These could be produced at high-energy 
e"'"e~ colliders such as LEP, where two production mechanisms are possible: pair-production 
and single-production in association with a light standard fermion. 

Lower limits on the masses of heavy leptons were obtained in e"'"e~ collisions at centre- 
of-mass energies, ^/s, around Mz and recent searches at y/s = 130-140 GeV 0, ||, 

= 161 GeV 1,0, = 172 GeV [^,^ and ^ = 130-183 GeV 0,0] have improved 
these limits. Excited leptons have been sought at y/s ~ Mz y/s = 130-140 GeV [|T5| ,[T6[|, 

= 161 GeV 0,0, ^/s = 172 GeV [0], = 183 GeV [fl, ^/i = 189 GeV 1T9|1, and at 



the HERA ep collider pO 
of processes such as e"'"e 
masses. 



1, = 130-140 GeV 
I ^/s= 189 GeV 
If direct production is kinematically forbidden, the cross-sections 
77 and e+e" ff 0,|2^ are sensitive to new particles at higher 



This paper concentrates on the search conducted by OPAL |23] in a wide range of topologies 
for the pair-production of new unstable heavy leptons and for both pair- and single-production 
of excited leptons of the known generations, using data collected in 1997 at -^i = 181 — 184 GeV, 
with an average energy of 182.7 GeV. The integrated luminosity used depends on the final-state 
topologies, and is between 52 and 58 pb~^. The results are combined with those obtained earlier 
from 10 pb-i of data at = 161.3 GeV and 10 pb"^ at = 172.1 GeV. 



1.1 Heavy Leptons 

Heavy neutral leptons are particularly interesting in the light of recent evidence for massive 



SM neutrinos |^,|2^. One method of generating neutrino mass is the see-saw mechanism |£6 
which predicts additional heavy neutral leptons. In this mechanism, if the mass of a heavy 
neutral lepton satisfies the relation mN = ml/m^^, and if rriv^ is as massive as 2.5 eV, then 
mN ~ 100 GeV, which is within the reach of LEP2. 

In general, new heavy leptons N and L^ could in principle decay through the charged (CC) 
or neutral current (NC) channels: 

N ^ £±W^ , N ^ L^W^ , N ^ z/fZ, 



L± ^ ueW^ , L± NlW± , L± ^ i^Z, 
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where Nl is a stable or long-lived neutral heavy lepton, and £ = e, /x, or r. For heavy lepton 
masses less than the gauge boson masses, Mw or Mz, the vector bosons are virtual, leading to 
3-body decay topologies. For masses greater than Mw or Mz, the decays are 2-body decays, 
and the CC and NC branching ratios can be comparable. For masses close to Mw or Mz, it 
is important to treat the transition from the 3-body to the 2-body decay properly, including 
effects from the vector boson widths. Expressions for the computation of partial decay widths 
with an off-shell W or Z boson can be found in [Q. 

The mixing of a heavy lepton with the standard lepton flavour is governed by a mixing 
angle (. A mixing of 0.01 radians yields a decay length cr of 0{1 nm). Since the decay length 
is proportional to looking for unstable heavy leptons which decay within the first cm, the 
analyses described in this paper are sensitive to ("^ > O{10~^^). The presently existing upper 
limit on ("^ is approximately 0.005 radians^ p7[ . 



The searches for heavy leptons presented in this paper utilise only the case where N and 
decay via the CC channel, as would be expected in a naive fourth generation extension to 
the SM. The NC channel does not contribute significantly in the heavy lepton searches due 
to kinematics. Searches for stable or long-lived charged heavy leptons, L^, are described in a 



separate paper 12 



1.2 Excited Leptons 

Compositeness models attempt to explain the hierarchy of masses in the SM by the existence 
of a substructure within the fermions. Several of these models predict excited states of the 
known leptons. Excited leptons are assumed to have the same electroweak SU(2) and U(l) 
gauge couplings, g and g', to the vector bosons, but are expected to be grouped into both left- 
and right-handed weak isodoublets with vector couplings. The existence of the right-handed 
doublets is required to protect the ordinary light leptons from radiatively acquiring a large 
anomalous magnetic moment via the £*£V interaction (where is a 7, Z, or and i* 
refers in this case to both charged and neutral excited leptons). 

In e+e" collisions, excited leptons could be produced in pairs via the process e+e" — > £*£*, 
or singly via the process e"'"e~ — >■ £*£, as a result of the i*£V couplings. Depending on the details 
of these couplings, excited leptons could be detected in the photonic, CC, or NC channels: 



where z/^ and £*^ are neutral and charged excited leptons, respectively. 

The branching fractions of the excited leptons into the different vector bosons are determined 
by the strength of the three £*£V couplings. We use the effective Lagrangian H: 



2A 



?L + hermitian conjugate. 



(1) 
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which describes the generahzed magnetic de-excitation of the excited states. The matrix a'^'^ is 
the covariant bihnear tensor, r are the Pauh matrices, W^j, and B^^^ represent the fully gauge- 
invariant field tensors, and Y is the weak hypercharge. The parameter A has units of energy 
and can be regarded as the compositeness scale, while / and /' are the weights associated with 
the different gauge groups. 

The relative values of / and /' also affect the size of the single-production cross- sect ions 
and their detection efficiencies. Depending on their relative values, either the photonic decay, 
the CC decay, or the NC decay will have the largest branching fraction, depending on the 
respective couplings 0: 

Ji = (^fJ + hhU - J ) , Jw = , Jz T— 

where e/ is the excited fermion charge, I^^ is the weak isospin, and s^(c^) are the sine (cosine) 
of the Weinberg angle 6^^. 

Our results will be interpreted using the two complementary coupling assignments, / = /' 
and / = — /'. For example, for the case / = — /', the photonic coupling to excited electrons is 
suppressed and the dominant production of excited electrons is via the s-channel. For / 7^ — /', 
the t-channel production of excited electrons dominates. In the case of excited neutrinos, if / 7^ 
/', then the photonic coupling is allowed. In addition to the results for the two assignments / = 
/' and / = — /', a new method is introduced which gives limits on excited leptons independent 
of the relative values of / and /'. 



2 Monte Carlo Simulation 



The Monte Carlo (MC) generator EXOTIC has been used for the simulation of heavy 



lepton pair-production, e"^e~ — > NN and e"'"e~ L+L", of excited lepton pair-production, 
e"'"e~ z/|z/| and e^e~ — ^ and of single excited lepton production, e"'"e~ u^ue and 

e"'"e~ —>■ £*£. The code is based on formulae given in 0,^]. The matrix elements include 
all spin correlations in the production and decay processes, and describe the transition from 
3-body to 2-body decays of heavy fermions, involving virtual or real vector bosons, including 



the effects from vector boson widths. The JETSET [30| package is used for the fragmentation 
and hadronization of quarks. 

For NN and L+L^ production, MC samples were generated for a set of masses from 40 to 90 
GeV. Separate samples were generated for Dirac and Majorana heavy neutral leptons, taking 
into account the different angular distributions. For the case where L~ —>■ NlW~, samples were 
simulated at 25 points in the (Ml,Mnl) plane with Ml ranging from 50 to 90 GeV and M-^^ 
from 40 to 87 GeV, and with a mass difference Ml — Mnl larger than 3 GeV. Excited lepton 
MC samples were generated for the pair-production channels with masses in the range from 40 
to 90 GeV and for the single-production channels with masses in the range from 90 to 180 GeV. 

A variety of MC generators was used to study the multihadronic background from SM 
processes: 4-fermion background processes were simulated using the generator grc4f |^|, mul- 



tihadronic background from 2- fermion final states was modelled using PYTHIA [30|, while 
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2-photon processes were generated with PHOJET and HERWIG [^. To study the back- 
ground from low-multiphcity events, the generators BHWIDE (large-angle Bhabha scat- 
tering) and TEEGG |^ (t-channel Bhabha scattering) were used for the e"'"e~7(7) topology. 
The KORALZ generator was used for the /i"'"/x~7(7) and r"'"r~7(7) topologies. These gen- 
erators include initial and final-state radiation, which is particularly important for the analyses 
with photons in the final states. Low-multiplicity 4-fermion final states produced in 2-photon 
interactions were modelled by using VERMASEREN [R^. 

Finally, SM processes with only photons in the final state are an important background to 
the analysis of excited neutral leptons with photonic decays. The RAD COR ||3^ program was 
used to simulate the process e"'"e~ llil) and KORALZ was used to simulate the process 
e"'"e~ — >• 1/777(7). 

All signal and background MC samples were processed through the full OPAL detector 
simulation p9[ and passed through the same analysis chain as the data. 



3 Selection 



The searches presented in this paper involve many different experimental topologies. Three 
classes of different analyses are used which rely on slightly different criteria for such details 
as track and cluster quality requirements and lepton identification methods. The first class of 
analyses includes the selections for high-multiplicity topologies, with hadronic jets in the final 
state from the hadronic CC decays of heavy leptons and the hadronic CC and NC decays of 
excited neutral and charged leptons. The second class includes selections for low-multiplicity 
topologies, and covers the photonic decays of excited charged leptons. The third class covers 
purely photonic event topologies arising from the photonic decays of excited neutral leptons. 



3.1 High-Multiplicity Topologies 

The searches for topologies with hadronic jets in the final state share a common high-multiplicity 
preselection. All charged tracks and calorimeter clusters are subjected to established quality 



criteria [|TT|. Events are required to have at least 8 tracks and 15 clusters. The total visible 
energy measured in the detector, E^is, calculated from tracks and clusters [^, must be greater 
than 20 GeV. 

Global event properties after this preselection are shown in Figure |l], which compares data 
and MC distributions. The visible energy is well described for E^if. > 75 GeV, where 2-fermion 
and 4-fermion processes dominate. For i^^is < 20 GeV, the data are not as well modelled. This 
region is dominated by events from 2-photon processes, which are not a significant background 
to the majority of analyses described in this paper. After a cut of i?vis > 75 GeV, the global 
event properties shown in Figure |I] (b-f) compare well between data and the SM expectation. 

Figure || shows the energy distribution of identified electrons, muons, taus, and photons after 



the preselection. The lepton identification is similar to that described in with modified 
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isolation requirements for the high-multiplicity selections. Identified electrons and muons must 
have more than 1.5 GeV of visible energy, and taus more than 3 GeV. In addition, leptons have 
to be isolated within a cone of 15°. The typical lepton identification efficiencies are 85-90% for 
electrons and muons and 70% for taus. 



3.1.1 Pair-Production of Heavy Leptons 

Jj~^h~ Candidates give rise to final states produced from fiavour-mixing decays into light 
leptons via L — > u^W, L — > z/^W, and L z/^W. The resulting topologies, i/z/WW, consist of 
the decay products of the two W-bosons along with missing transverse momentum. The main 
background to this selection is SM W-pair production. To optimize the sensitivity, selections 
for all high-multiplicity final states z^z^jjjj, i^z/ez/jj, and z/z//iz/jj are performed, where "j" refers to 
a hadronic jet. The final state vvtv]] does not improve the sensitivity, and is not considered. 
In the selection for z/z/jjjj events, at least 12 GeV of missing momentum and at least 8 GeV of 
missing transverse momentum are required, and the missing momentum vector must not point 
along the beam direction (|cos(6'miss) | < 0.9). In addition, the events must satisfy higher track 
(10) and cluster multiplicity (35) requirements, and are vetoed if a charged lepton is identified. 
The number of events after applying these selections is shown in Table |1] for data and for the 
SM expectation. The selection efficiency, including the W branching ratio, is about 17-25%, 
depending on the heavy lepton mass. In the selection of vvev]] and vv^v]] events, an isolated 
lepton is required together with significant visible energy and missing transverse momentum. 
In this case, the selection efficiency, including the W branching ratio, is about 9-11%. 

NN Candidates give rise to final states produced through the fiavour-mixing decay into a 
light charged lepton, via N eW, N fiW, or N — * rW. The topologies are defined as iiWW, 
where at least one W-boson decays hadronically and produces jets in the final state. At least 
two charged leptons of the same fiavour are required and the jet resolution parameters have to 
be consistent with at least a 5-jet topology (isolated leptons are treated as "jets"). In order to 
optimize the sensitivity for the case N —>■ rW, the selection has been divided into rrjjjj topolo- 
gies with fuUy-hadronic W-decays (2 charged leptons) and rr£z/jj topologies with semileptonic 
W-decays, (3 charged leptons). The number of events after applying these selections is shown 
in Table The signal efficiencies for a Dirac or Majorana lepton are about 50% for N eW, 
57% for N ^ /iW, and 30-42% for N ^ rW. 

3.1.2 Pair-Production of Long-Lived Heavy Neutral Leptons 

NlNlWW Candidates originate from the process e"'"e~ — L"'"L~ with L~ — > NlW~, where 
Nl is a stable or long-lived neutral heavy lepton which decays outside the detector. This 
production is possible if Nl is a member of a fourth-generation SU(2) doublet which does not 
mix with the three known lepton generations and satisfies Ml± > Mnl- This signal leads to 
very low visible energy if the mass difference, AM = Mi^± — Mnl, is small. Events are required 
to have a visible energy between 8 and 90 GeV, the missing momentum vector must be at least 
20% of the visible energy and lie within the barrel region, a minimum transverse energy of 12 
GeV is required, and the topology should correspond to a pair of acoplanar jets (> 14°). The 
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Table 1: Observed number of events in the data sample at ^/s = 183 GeV and expected 
number of events from the background sources in the searches for the pair-production of heavy 
and excited leptons, where Nl is a stable or long-lived neutral heavy lepton which decays outside 
the detector. 

total number of candidates and expected background are shown in Table |l[ The typical signal 
efficiencies are about 30-40% for AM > 10 GeV, dropping to a few per-cent for AM = 5 GeV. 
A total of 78 events is observed, compared to an expected background of 52.7 events. The 
discrepancy may be due to mismodelling of the background, which is dominated by 2-photon 
processes with an estimated systematic error on the background of 20%. These events typically 
have energy deposited in the forward region (|cos(^)| > 0.9), while from the signal MC one 
does not expect significant forward energy. 

3.1.3 Pair-Production of Excited Leptons vi^ith hadronic decays 

Excited leptons, which could be pair-produced at LEP2, are expected to decay dominantly 
via CC or photonic interactions, depending on their coupling assignments. The final states 
with both de-excitations via CC decays, i* — z/W and u* iW, are similar to the decay 
topologies of heavy leptons, L z/W and N — iW, so the same selections are applied, with 
the results shown in Table ||. The doubly-photonic decays give low-multiplicity topologies, and 
are discussed in Section ^]2|. 

3.1.4 Single-Production of Excited Leptons with hadronic decays 

Candidates for the processes £'^*t^ — > t'^t^Z and I'e^i^fTi followed by the hadronic 

decay of the Z-boson are selected by requiring two identified leptons of the same fiavour and 
significant visible energy or significant missing transverse momentum (>25 GeV), respectively. 
In the latter case, events containing charged leptons are vetoed. Accepted events have to be 
consistent with an acoplanar 2-jet topology. For the charged lepton final states, a kinematic fit 
is performed requiring energy and momentum conservation, and the fit probability has to be 
consistent with a t^^~]] final state. For the rrjj final state, to reduce the background further, 
additional cuts on the jet resolution parameter 7/34, on the missing momentum vector, and on 
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the ratio of fitted tau energy to visible tau energy (> 1.15) are applied. The results for excited 
leptons are shown in Table ^ for data and for the SM expectation. 

The selection efficiencies for excited leptons depend on the mass, and in the case of excited 



electrons also depend strongly on the coupling assignments for / and /' (see Section [L^). For 
the case / = — /', the s-channel production of excited electrons is dominant, and the selection 
efficiency is typically 30-50%. For the case / 7^ — /', the t-channel production of excited 
electrons dominates, in which the scattered electron is preferentially scattered at low angles 
and is not detected. The selection efficiency for this case is typically 7-10%. For excited muons 
and taus only s-channel production is allowed and the selection efficiencies range from 40-50% 
and 3-25%, respectively. The selection efficiencies for excited neutrinos are typically 30-40%. 

To improve the sensitivity in the excited electron search for the case / 7^ — /' a dedicated 
selection for the e(e)jj channel has been designed, where the scattered electron is not observed 
in the detector. Events of this topology are selected by requiring exactly one electron to be 
identified. Tighter isolation cuts on the electron are applied and the event must have small 
missing transverse momentum (< 25 GeV), in order to reject ei/jj final states from W-pair 
production. The event has to be consistent with a 3-jet topology, and events with high energy 
photons (> 50 GeV) in the final state are rejected to reduce background from radiative returns 
to the Z. The fitted kinematics must be consistent with having an undetected electron in the 
beam direction opposite to the detected electron. The selection efficiency for the case / 7^ — /' 
is typically 20-40% and the numbers of observed and expected events are shown in Table ^. 



Candidates for the processes J^ei^e* — ^ ■^^ jy^W^ followed by a 

hadronic decay of the W boson are selected by requiring an isolated lepton to be identified. 
The total energy of the event must be at least 30% of the centre-of-mass energy. For the case 
£ = e and /i, the sum of the lepton energy and the missing transverse momentum must be at 
least 40% of the beam energy. Background from W-pair production is reduced by applying a 
kinematic fit to the Hiu system, requiring energy and momentum-conservation. If the resulting 
masses of the jet-jet and systems are consistent with the W mass, the event is rejected. For 
the case £ = r, it is assumed that the direction of the r is given by the direction of the leading 
particle of the r candidate. Further background suppression is obtained by requiring that the 
ratio of energy to mass of the dijet system be greater than 1.1. The number of observed events 
and the SM expectation are shown in Table 0. The selection efficiency for these channels, for 
/ = -/', is typically from 20-30%. 

For excited electron production in the case / 7^ — /', in which the scattered electron is not 
observed, a dedicated selection is applied. In this case, the total energy of the event must be 
at least 40% of the centre-of-mass energy, the missing transverse momentum must be at least 
7.5% of the visible energy, and there must be no electron identified in the event. The event is 
forced into two jets, which are required to be acoplanar (> 50°). The dijet mass Mjj must be 
consistent with the W mass (< 100 GeV) and the ratio of energy to mass of the dijet system 
must exceed 1.1. The number of observed events and the SM expectation are shown in Table 0. 
The selection efficiency for this channel, for / 7^ — /' , ranges from 10-30%. 
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3.2 Low-Multiplicity Topologies 



In this section the selection of photonic decays of singly-produced or pair-produced excited 
charged leptons is discussed. The final states consist of 2 like-flavour leptons and 1 or 2 photons. 
The lepton and photon identification and analysis techniques are described in Reference [|ll] . 



3.2.1 Pair-Production of Excited Leptons with photonic decays 

Candidates for the process € € — > are selected by requiring the identification of 

two leptons with the same flavour and of two photons. These particles must carry at least 80% 
of the centre-of-mass energy in the case of e"'"e~77 and /i"'"/i~77, and between 40% and 95% of 
the centre-of-mass energy in the case of r"'"r~77. The background in the £"'"£"77 topology from 
Bhabha scattering and di-lepton production is reduced by requiring the leptons and photons 
to be isolated, and the background from the doubly-radiative return process e"'"e~ Z77 — > 
£"•"£"77 is reduced by vetoing events with di-lepton masses close to the Z mass. The selection 
efficiencies are insensitive to the excited lepton mass and are about 54% for e*"'"e*~, 61% for 
fi*~^fi*~ , and 40% for r*+r*^. The number of observed events and the SM expectation is shown 
in Table 0. 



3.2.2 Single-Production of Excited Leptons with photonic decays 

Candidates for the process £*£ — >■ l^^ are selected with a technique identical to the 
£"•"£"77 selection, except that only one photon is required. Figure |^ shows the resulting £='=7 
invariant mass distributions. 

To improve the efficiency for the excited electron search with / 7^ — /', giving rise to t- 
channel production, a dedicated search is performed for final states with a single electron and 
single photon visible in the detector, assuming the other electron is missing along the beam axis. 
Events with one electron and one photon carrying together at least 40% of the total centre-of- 
mass energy are selected. The photon is additionally required to have |cos(6'miss)| < 0.7, greatly 
suppressing the Bhabha scattering background. 

The number of observed events and the SM expectation are shown in Table |^, and the 
lepton-photon invariant masses for the selected events are shown in Figure |^. No peak is 
observed. The selection efficiencies are typically about 70% for e*e and and about 40% for 
r*r. The excess in the r*r search is consistent with a statistical fluctuation in the SM t'^t^^ 
background. 

3.3 Photonic final states 

The search for singly- and pair-produced excited neutral leptons, v*v —>■ uwy and z/*z/* — > z/z/77. 



uses the OPAL search for photonic events with missing energy, described in . The numbers 
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Mode 


Topology 


Data 


Total 












Bkd 




£*£ 




e*e -> eejj 


2 


2.3 


NC 






e*e^e(e)jj 


32 


27.3 


decays 






^^jj 


2 


2.2 








T*T TT jj 


5 


4.3 




v*v - 


— > vvTj 


v*v VV]] 


23 


22.9 




tl- 




e*e ^ i^eejj 


13 


18.4 








e*e vc{e)]] 


18 


17.6 








M> ^ i/p/ijj 


6 


6.7 


CC 






r*r -> i/^rjj 


23 


27.7 


decays 


v*v - 




Z^>c I'cCjj 


13 


18.4 










6 


6.7 












97 7 




tl 




e*e — > ee 7 


25 


39.9 


7 






e*e (e)e7 


195 


213.7 


decays 








17 


16.5 








T*T TT ^ 


34 


22.9 




v*v - 






4 


3.5 



Table 2: Observed number of events in the data sample at ^/s = 183 GeV and expected 
number of events from the background sources for the searches for the single-production of 
excited leptons. The symbol (e) indicates topologies in which one scattered electron is not 
observed in the detector. 

of selected events and expected backgrounds are listed in Tables |1] and for pair- and single- 
production, respectively. For excited neutrinos in the mass range 70-180 GeV, the selection 
efficiencies are 70% and 10-70% for pair- and single-production, respectively. 



4 Results 

The numbers of expected signal events are evaluated from the production cross-sections, the 
integrated luminosity, and the estimated detection efficiencies of the various analyses. 

The systematic errors on the number of expected signal and background events are estimated 
from: the statistical error of the MC estimates (1-10%), the error due to the interpolation 
used to infer the efficiency at arbitrary masses from a limited number of MC samples (2- 
15%), the error on the integrated luminosity (0.6%), the uncertainties in modelling the lepton 
identification cuts and in the photon conversion finder efficiency (2-8%), and the error due to 
uncertainties of the energy scale, energy resolution, and error parameterisations (1-4%). The 
errors are considered to be independent and are added in quadrature to give the total systematic 
error which is taken into account for the limit calculations. 

In the case of pair-production searches, the production cross-section is relatively model- 
independent, and limits on the masses of the heavy or excited leptons can be obtained directly. 
For the flavour-mixing heavy lepton decays in which the pair-produced heavy leptons undergo 
CC decays into light leptons, 95% confldence level (CL) lower limits on the mass of the heavy 
lepton are shown in Table 0. The results are given for both Dirac and Majorana heavy neutral 
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Mode 


Mass Limit 








(GeV) 


N - 


eW 


Dirac 
Major ana 


88.0 
76.0 


N - 


/iW 


Dirac 
Major ana 


88.1 
76.0 


N - 


rW 


Dirac 
Major ana 


71.1 
53.8 




L ^ 




84.1 



Table 3: 95% CL lower mass limits on unstable neutral and charged heavy leptons obtained 
from the data collected at ^/s = 183 GeV. 



Flavour 


Coupling 


Dominant 


Mass Limit 






Decay 


(GeV) 


e* 


/ = /' 


Photonic 


91.3 




/ = /' 


Photonic 


91.3 


T* 


/ = /' 


Photonic 


91.2 


e* 


f=-f 


CC 


86.0 




f=-f 


CC 


86.0 


r* 


f=-f 


CC 


86.0 


e* 


Any / and /' 


84.6 


/i* 


Any / and /' 


84.7 


T* 


Any / and /' 


84.5 



Table 4: 95% CL lower mass limits for the different charged excited leptons obtained from the 
pair production searches. The coupling assumption affects the dominant branching ratio. 

leptons. These results are valid for a mixing angle squared, C^, greater than about 10~^^ 
radians^. For the decays of charged heavy leptons into a massless neutral lepton, L — > z/^W, 
the searches for the z/i/jjjj decay and for the z/z/jj£z/£ have been combined. Masses smaller than 
84.1 GeV are excluded at the 95% CL. 

In the case that a heavy charged lepton L^ decays into a stable heavy neutral lepton, 
Nl, the exclusion region depends on both Ml and Mn^- In order to optimize the sensitivity 
of the analysis, a scan is performed in steps of AM. At each point, the expected minimum 
and maximum visible energy, (Emin, Emax), are calculated analytically, and the corresponding 
number of observed and expected events is determined. The resulting region in (Ml, Mn) 
excluded at the 95% CL is given in Figure |, together with the mean expected limit. 

The mass limits on excited leptons are somewhat better than for the heavy lepton case, 
primarily due to the nature of the vector couplings which lead to larger production cross- 
sections The mass limits inferred from the pair-production searches are shown in Table ^ 
for charged excited leptons and in Table ^ for neutral excited leptons. The first two sections of 
each table give the mass limits in which the dominant decay mode is assumed to be either via 
photons or W bosons. 
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Flavour 


Coupling 


Dominant 


Mass Limit 






Decay 


(GeV) 


K 


/ = /' 


CC 


91.1 




/ = /' 


CC 


91.1 


K 


/ = /' 


CC 


83.1 


K 


/=-/' 


Photonic 


91.2 


K 


/=-/' 


Photonic 


91.2 


K 


/=-/' 


Photonic 


91.2 


< 


Any / and /' 


90.5 




Any / and /' 


90.5 


K 


Any / and /' 


81.5 



Table 5: 95% CL lower mass limits for the different neutral excited leptons obtained from the 
pair production searches. The coupling assumption affects the dominant branching ratio. 



In the single-production searches, the production cross-section depends on parameters within 
the model, so limits on those parameters, as a function of the new particle masses, are inferred 
instead. From the single production searches, 95% CL limits have been calculated on a x BR 
for e"'"e~ £*£, t iV for the different particle types, including photonic decay results from 
^/s = 161 GeV and 172 GeV, where the branching ratio, "BR", depends on the relative values 
of / and /'. 



In general, the mass limits have been evaluated using a sliding window technique |]TT|, taking 
into account the expected mass resolution for the ei/jj, yuz/jj, ri/jj topologies (CC decays) and the 
ee7, /i/i7, tt'J topologies (photonic decays), or by taking into account the kinematically allowed 
mass limits for the uwy topologies (photonic decays). For the eejj, /x/ijj, and rrjj topologies 
(NC decays), a likelihood fit method has been used for the limit calculation The resulting 



limits on cr X BR are shown for excited charged leptons in Figure ^ and for excited neutral 
leptons in Figure ^ for all generations decaying via photonic, neutral current, and charged 
current processes. The a x BR limits do not depend on the coupling assignments except for 
excited electrons, where the selection efficiencies depend on the ratio of t-channel and s-channel 
contributions, and the results are shown for the example assignments / = ±/'. The limits for 
the photonic decays are valid only for one of the two coupling assignments, / = +/' for excited 
charged leptons and f = —f for excited neutral leptons. 

From the single-production searches, limits on the ratio of the coupling to the compositeness 
scale, //A, can be inferred. The results are shown in Figure ^ for two coupling assumption^. 
Since the branching ratio of the excited lepton decays via the different vector bosons is not 
known, examples of coupling assignments, / = ±/', are used to calculate these branching 
ratios and then the photonic, NC and CC decay results are combined for the limits. 

A new method is used to infer limits on the coupling strength /o/A, independently of 
the relative values of / and /'. Here /o is a generalized coupling constant defined as /o = 

\J\{P + /'^)- It is also useful to define the parameter tan0/ = ///'; the previous coupling 

^ For the figures of coupling versus compositeness scale given in an error was discovered in the cross- 
section formula used; the resulting limits on //A were over-conservative for most values of the excited lepton 
mass. This error has been corrected in the present paper. 
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assignments then correspond to (pj = 7r/4 (/ = /') and (f)f = — 7r/4 (/ = — /'). 

From the Lagrangian in Equation |I|, the cross-section depends on / and /' in the following 
way: 

ai P + a2 f f + as /'^ //on2 . , ^ 

^ = = [j) ■ ^('Z'/)' (2) 

where A{(f) j) = 2 ■ {ai sin^ 0/ + 02 sin 0j cos 0j + 03 cos^ (pj). The coefficients Oi, 02, and 03 can 
be calculated from the matrix elements. The production cross-section and also the decay of the 
excited leptons depend on the coupling assumption and on the angle 0j. The branching ratio 
is calculated using the formulae given in [^]. By combining both the production cross-section 
and the branching ratio, the likelihood function L{Ns), which is a function of the number 
of observed signal events A^^, can be translated into a likelihood function depending on the 
coupling strength ^: 

where e(0/) is the total selection efficiency and C the integrated luminosity. 

In the case of /i*, r*, i/*, and v* production the efficiency is constant, while the case of the 
single production of excited e* and ul is more complicated. Due to the different 0/ - dependent 
contributions of the t-channel and the s-channel diagrams, the selection efficiency also depends 
on (pf. Using a MC technique to determine the selection efficiency for arbitrary (pj would not 
be practical because a large number of MC events would have to be simulated for different 
excited lepton masses. It turns out, however, that the selection efficiency can be written as: 

eU) = ^= ^1 + ^2 ff + 63 ^ N{<Pf) 

with A^(0/) = 2-(eisin^0/ + 62 sin 0/ cos 0/ + escos^^/). The coefficients Cj can be calculated 
by evaluating the selection efficiencies from three MC samples generated with different values 

of (pf. 

The selection efficiencies for the different decay topologies and the cross-section vary strongly 
with (pf in the case of single e* production. In order to avoid numerical errors, one of the 
generated MC points has been chosen for the coupling assumption / = — /', where the large 
t-channel contribution vanishes and the cross-section is smallest. After having calculated the 
coefficients describing the selection efficiencies, the error of this method has been tested by 
comparing the calculated selection efficiency for a given value of 0/ with the selection efficiency 
determined from a MC sample generated with the same (pf value. The error is found to be 
small compared to the statistical error of the MC samples. 

Finally, the results from different decay channels are combined: 

The resulting likelihood functions from different decay topologies are combined and upper limits 
on 4% are inferred as a function of the excited lepton mass by using the most conservative limit 
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as a function of 0/. The limit on ^ for any value of 0/ is determined and shown in Figure |g. 
Using a similar technique, from the searches for the pair-production of excited leptons, the 
mass limits independent of the values of / and /' are given in the last section of Tables ^ and 
^ for charged and neutral excited leptons, respectively. Together these represent the first limits 
on the compositeness scale /o/A which do not depend on the relative values of / and /'. 



5 Conclusion 



We have searched for the production of unstable heavy and excited leptons in a data sample 
corresponding to an integrated luminosity of 58 pb~^ at a centre-of-mass energy of 181-184 GeV, 
collected with the OPAL detector at LEP. No evidence for their existence was found. From the 
search for the pair-production of heavy and excited leptons, lower mass limits were determined. 
From the search for the single-production of excited leptons, upper limits on a x BR of e"'"e~ 
£*i, i* — > iV and upper limits on the ratio of the coupling to the compositeness scale were 
derived. These limits supersede the results in [|ll|. Limits on the masses of excited leptons 



and on the compositeness scale /o/A are established independent of the relative values of the 
coupling constants / and /'. 
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Figure 1: Global event properties after preselection cuts for the high- multiplicity selections. 
Figure (a) is the visible energy, (b) the missing transverse momentum, (c) the cosine of the 
polar angle of the missing momentum vector, (d) the transverse energy, (e) the summed energy 
measured from tracks, and (f) the logarithm of the jet resolution parameters yu, 1/23, 2/34, and 
?/45, using the Durham jet-finding algorithm |JD|. For figures (b-f) the two-photon background 
is reduced by requiring E^is > 75 GeV. In all figures, the filled symbols are the data and the 
solid line is the SM background prediction. 
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Figure 2: Particle identification after preselection cuts. Tfie figures show the measured energy 
of (a) identified electrons, (b) identified muons, (c) identified taus, and (d) identified photons. 
In all figures, the filled circles are the data and the solid line is the sum of all SM background 
MC. 
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Figure 3: Lepton-photon invariant mass distributions for (a) e''"e~7, (b) (e)e7, (c) /x+/x^7 
and (d) t'^t~^. The filled circles are the data, the sohd line is the sum of all SM background 

MC, and the dashed and dotted lines show example signal MC with excited leptons masses 
of 120 and 180 GeV, respectively. There are two entries per event, due to the different mass 
combinations, resulting in a reflection peak at lower masses. The signal MC normalization is 
arbitrary. 
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Ml (GeV) 

Figure 4: Excluded region in the (Ml,Mnl) plane for L+L^ production in the L~ — > NlW~ 
case, where Nl is a stable or long-lived neutral heavy lepton which decays outside the detector. 
The filled area represents the region excluded at the 95% CL. The dashed vertical line represents 
the kinematic limit, while the diagonal line corresponds to AM = Ml — Mnl = 0. 
The dark contour line shows the mean expected limit. 
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Figure 5: Upper limits at the 95% CL on the a x BR of e+e" ti, t — > IV for the single- 
production of (a) e* with / = (b) e* with / = — (c) yU*, and (d) r*. The photonic decay is 
represented by the full line, the NC decay by the dashed line, and the CC decay by the dotted 
line. For single /x* and r* production the selection efficiency does not rely on the coupling 
assignment. For / = — /' the photonic decay of e* is forbidden. The symbol M^, represents the 
mass of the excited lepton. 
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Figure 6: Upper limits at the 95% CL on the a x BR of e"'"e~ — » 1*1, I* —>■ iV for the single- 
production of (a) Ue* with / = (b) u^* with / = — (c) u*, and (d) z/*. The photonic 
decay is represented by the full line, the NC decay by the dashed line, and the CC decay 
by the dotted line. For single i^* and u* production the selection efficiency does not rely on 
the coupling assignment. For f = f the photonic decay of is forbidden. The symbol 
represents the mass of the excited lepton. 
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Figure 7: Upper limits at the 95% CL on the ratio //A of the couphng strength to the com- 
positeness scale, as a function of the excited lepton mass, (a) The hmits on e*, /i* and r* with 
/ = /'; (b) the limits on e*, fi* and r* with / = — /', (c) the limits on z/*, u* and u* with 
/ = /', and (d) the limits on u*, z/* and u* with / = — /'. The regions above and to the left of 
the curves are excluded by the single- and pair-production searches, respectively. The symbol 
M^. represents the mass of the excited lepton. 
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Figure 8: Upper limits at the 95% CL on the ratio /o/A of the couphng strength to the 
compositeness scale, as a function of the excited lepton mass, (a) The limits on e*; fi* and r* 
with arbitrary (pj; (b) the limits on z/e*, u^* and Ur* with arbitrary (pj. The regions above and 
to the left of the curves are excluded by the single- and pair-production searches, respectively. 
The symbol M,, represents the mass of the excited lepton. 
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